The photosynthetic bacterium Rhodobacter sphaeroides produces a heme protein (SHP), which is an unusual c-type cytochrome capable of transiently binding oxygen during autooxidation. Similar proteins have not only been observed in other photosynthetic bacteria but also in the obligate methylotroph Methylophilus methylotrophus and the metal reducing bacterium Shewanella putrefaciens. A three-dimensional structure of SHP was derived using the multiple isomorphous replacement phasing method. Besides a model for the oxidized state (to 1.82 Å resolution), models for the reduced state (2.1 Å resolution), the oxidized molecule liganded with cyanide (1.90 Å resolution), and the reduced molecule liganded with nitric oxide (2.20 Å resolution) could be derived. The SHP structure represents a new variation of the class I cytochrome c fold. The oxidized state reveals a novel sixth heme ligand, Asn 88 , which moves away from the iron upon reduction or when small molecules bind. The distal side of the heme has a striking resemblance to other heme proteins that bind gaseous compounds. In SHP the liberated amide group of Asn 88 stabilizes solvent-shielded ligands through a hydrogen bond.
Since the landmark structure determination of the first oxygen-binding heme proteins, hemoglobin and myoglobin, an increasing number of other heme proteins that bind gaseous ligands have been characterized. These include, besides members of the widespread vertebrate globin family that transport oxygen, the bacterial flavohemoglobins that modulate the toxic effects of nitric oxide (1, 2) , the FixL protein of Rhizobia that regulates gene expression via its ability to sense oxygen (3), the nitrophorins of blood-sucking insects that transport nitric oxide (4, 5) , the carbon monoxide sensor CooA of Rhodospirillum rubrum that senses carbon monoxide (6 -8) , and the soluble guanylate cyclase of vertebrates in which the signaling activity is dramatically increased by nitric oxide (9, 10) . Crystal structures of members of the first three families are now available, clearly showing evolutionarily distinct folds. These nonrelated folds share, however, surprising similarities when comparing their heme binding sites, possibly reflecting the minimum structural requirements for stable gas binding through heme ligation. Cytochrome c molecules that, in contrast to the former heme proteins, have covalently linked heme prosthetic groups are without any doubt another evolutionarily independent fold primarily adapted as an electron carrier.
A novel cytochrome c, which transiently binds O 2 during autooxidation, was discovered in the purple phototrophic bacterium Rhodobacter sphaeroides and was designated SHP 1 (Sphaeroides heme protein) (11) . This protein was shown to contain a single high spin heme with a redox potential of Ϫ22 mV and a mass of 12.5 kDa. The protein is not homologous to any of the above mentioned gas-binding heme proteins. The amino acid sequence actually indicates a distant relationship to the class I cytochromes c (12) . SHP has a high spin heme, indicating lack of a strong field sixth ligand, which confers to SHP spectral properties similar to those of the globins and of cytochromes cЈ. Unlike the cytochromes cЈ, SHP binds molecular oxygen as demonstrated by the absence of isosbestic points and the formation of a new transient spectral species during autooxidation. The half-life of the SHP-oxygen complex was determined to be 3 min (12) , which is a dramatic difference to the observed half-life of approximately 1 day for the myoglobinoxygen complex (13) . SHP is substantially less reactive with exogenous ligands than myoglobin. It is also less reactive with reducing agents, suggesting that the heme environment is sterically hindered. The absorption spectrum of reduced SHP is perturbed by Tris, Hepes, Bis-Tris-Propane, and other nitrogenous bases (11) , suggesting that they are bound to the protein but not as heme ligands.
SHP-like oxygen-binding heme proteins have been found in Chromatium vinosum (14) and Rhodocyclus gelatinosus.
2 Both proteins are cytochromes c and transiently bind oxygen in a similar manner as SHP. Recently, cytochrome cЉ from the obligate methylotroph Methylophilus methylotrophus was shown to be 32% identical to SHP (15, 16) , and a 42% identical open reading frame is present in the genome of the metal oxidereducing bacterium Shewanella putrefaciens (Fig. 1) . These observations indicate a more widespread occurrence of SHPlike cytochromes in bacteria than previously thought. We have determined the crystal structure of SHP, unliganded and ligan-ded, in both redox states to determine the molecular basis for its unusual properties.
EXPERIMENTAL PROCEDURES
EPR Spectroscopy-X-band EPR spectra were recorded on a Varian E-9 spectrometer as described according to Von Wachenfeldt et al. (17) .
Crystallization and Data Collection-SHP was purified as described previously (11) except for an additional purification step using hydroxylapatite. Crystals in space group I222 (a ϭ 83.3 Å, b ϭ 103.8 Å, c ϭ 113.6 Å) were grown by vapor diffusion from 3.1 M ammonium sulfate, 100 mM Hepes, pH 7.0. The deep brown color of the crystals indicated the protein remained in a high spin oxidated state. Heavy metal derivatives were prepared by soaking native crystals in the mother liquor containing the appropriate concentration of the heavy metal compound. Crystals were reduced and mounted in an anaerobic glove box by adding sodium dithionite to the mother liquor. Reduction of the crystals resulted in a change in color from dull brown to bright red. Cyanideliganded SHP crystals were prepared by adding potassium cyanide to the mother liquor, resulting in the same color change as observed for reduced crystals. NO-liganded SHP was prepared by adding potassium nitrite to a reduced crystal, whereby the surplus of dithionite reacted with the nitrite to form NO. Data for the native and each of the heavy metal derivatives as well as for reduced and NO-liganded SHP were collected on a DIPScience 2030 image plate instrument using radiation produced by a rotating copper anode source with a mirror-based monochromator system. High resolution data were collected for the native and the CN complex at the DW32 beamline of the LURE synchrotron (Paris, France). Data were recorded on a MarResearch IP. All data were processed using the DENZO software package (18) .
Structure Determination and Refinement of the Oxidized Structure-A major heavy atom site for the platinum chloride derivative was located using a difference Patterson map. The remaining heavy atom positions were determined from self-and cross-difference Fourier maps. The position and the real and anomalous occupancy of all sites were refined using MLPHARE (19) resulting in a figure of merit of 0.67 in the 15-2.9 Å range. The resultant phase information was improved and extended to 2.6 Å by solvent flattening and histogram matching using the DM program (20) from the CCP4 package (21) . Resultant electron density maps revealed a connected backbone electron density for the complete molecule. Density for most side chains and for the heme group was also clearly visible, facilitating chain tracing. Positional and Bfactor refinement of the initial model were performed with the REF-MAC (22) program, first using data to 2.6 Å, later using data up to 1.82 Å. This resulted in a final model with R cryst 17.0 and R free 20.7 from 15-1.82 Å.
Structure Refinement of Reduced SHP and Liganded States-A difference F o -F c Fourier map, calculated with phases obtained from the oxidized SHP structure showed several portions of positive electron density in the heme vicinity. The position of several side chains was adjusted manually, and the ligands were placed in the electron density in each molecule. The positional and temperature factors were again refined using REFMAC. For final refinement statistics, see Table I .
Coordinates and structure factors of the four SHP structures have been deposited in the Protein Data Bank (accession codes: 1DW0 -RCSB010424 oxidized SHP; 1DW1 -RCSB010425, cyanide complexed SHP; 1DW2 -RCSB010426, nitric oxide complexed SHP; 1DW3 -RCSB010427, reduced SHP).
RESULTS AND DISCUSSION
SHP Structure-The ligand-free oxidized SHP structure was determined to 1.82 Å resolution using the method of multiple isomorphous replacement. Three nearly identical copies of the monomeric protein were found in the asymmetric unit, referred to below as SHP1, SHP2, and SHP3. The SHP polypeptide is organized into a series of four ␣-helices and extended loop structures. Despite little or no sequence similarity, it is clearly structurally related to the class I cytochromes c (Figs. 2 and 3) .
Class I cytochromes c are minimally organized into three ␣-helical segments containing no regular ␤-strand structure. The polypeptide chain is wrapped around the prosthetic heme group, with the N-and C-terminal helices interacting. Examples of class I cytochromes c include mitochondrial cytochrome c (23), the two domains of the Pseudomonas stutzeri diheme cytochrome c 4 (24) , and the Azotobacter vinelandii cytochrome c 5 (25) . Comparison of SHP to these cytochromes, by superimposing the heme groups, clearly indicates how the first ␣-helix in SHP (Ser 4 - Gly 17 ) is an extra N-terminal extension to the class I fold as was previously suggested (12) . This helix is packed against the C-terminal or fourth helix (Gly , LeuVal-Phe 94 , and Tyr-Trp-Phe 97 (mitochondrial cytochrome c numbering)) are mainly responsible for the interaction between the two helices. These residues are not involved in heme binding, and their conservation is suggested to be an indication of their critical structural importance in folding (27) . In SHP, the packing between helices 2 and 4 is formed by interaction of Gly 25 and Phe 29 in the N-terminal helix with Leu 105 and Trp 108 in the C-terminal helix. It is noteworthy that the two SHP homologs for which the sequence is known contain this sequence signature. Furthermore, the relative orientation of helices two and four is stabilized in SHP by a strong salt bridge formed between Arg 24 and Asp 104 . The SHP region containing the sixth heme ligand and part of the cystine bridge is very different in comparison to the classical cytochrome c fold. In SHP, this entire region is folded in one slightly bent ␣-helix (Asp 77 -Ile 93 ) oriented parallel to the heme plane. The charged Glu 82 side chain forms a strong hydrogen bond to Tyr 12 and a salt bridge with Lys 102 , thus effectively tying the beginning of this helix to both the first and the last ␣-helix. These residues are conserved in the known SHP-like sequences, which underlies the importance of this structural feature. Another feature that is conserved in these three proteins is Cys 89 , situated near the end of helix 3, which is covalently linked to the conserved Cys 97 that precedes the C- terminal helix 4. In SHP, the loop between these cysteines also interacts with the C-terminal helix by virtue of a salt bridge between Arg 95 and Glu
101
. We believe that the positional restraint of the third helix at both ends serves to prevent the binding of large molecules such as imidazole to the heme, a process that would require local reorganization of the backbone conformation.
The slightly saddle-shaped heme group is mainly situated in the hydrophobic interior of the protein and is ligated to His 47 (2.14 Å for the Fe-His bond) on the proximal side. The imidazole group is wedged in a hydrophobic pocket lining the proximal heme face. This pocket is formed by the side chains of residues Phe 29 . The imidazole moiety is restrained through a water-mediated hydrogen bond to the backbone oxygen atom of Ala
64
. Space for the internal water molecule is provided by the lack of a side chain at conserved residue Gly 55 . This ligation is unlike typical class I cytochromes where the peptide carbonyl of a conserved Pro residue (Pro 30 in mitochondrial cytochrome c) provides the hydrogen bond partner for the histidine. Water as a hydrogen bonding partner to the histidine N1 has been reported for some of the heme groups in tetraheme cytochromes (28, 29) , and it is the hydrogen bonding partner in nitrophorin (5) and FixL (3). The imidazole aromatic plane forms a dihedral angle of 28°with the N2-Fe-N4 line in SHP, which is far from the ideal value of 45°. This property has likewise been observed in tetraheme cytochromes c (30, 31) . Both solvent-exposed heme propionates are stabilized by a salt bridge to the conserved Arg 74 and, to a lesser extent, by the more distant Arg 80 . The electron density at the carboxylate of heme propionate 7 is spherically shaped, which we modeled as two nearly perpendicular conformations.
Compared with the proximal side, the distal heme plane is more solvent accessible, a conclusion similar to that based on NMR data for the homologous M. methylotrophus cytochrome cЉ (15) . The amino acid providing the sixth heme ligand was found to be Asn
88 . An amide group as sixth heme ligand has not been reported until now, although amide has been observed for the fifth ligand His 175 -Gln mutant of yeast CCP (30) . It is interest- 
where I is the observed intensity. ϽIϾ is the average intensity of multiple observations of symmetry related reflections.
c R cullis ϭ ⌺͉E͉/⌺͉ ͉F PH ͉ Ϫ ͉F P ͉ ͉ for centric and acentric reflections. d Phasing power for acentric and centric reflections is the root mean square (͉F H ͉/E) where F H is the heavy structure factor amplitude and E is the residual lack of closure error.
e Average I on (͉) for the overall data set and the highest resolution shell spanning 0.
R free is the same as R cryst but was calculated using a separate validation set of reflections that was excluded from the refinement process. ing to note that Asn 88 in the Shewanella protein is conserved, whereas in the cytochrome cЉ of M. methylotrophus it is replaced by a histidine (Fig. 1) . Based on our crystallographic data, we cannot discern which atom, whether the oxygen carbonyl or the amide nitrogen, is actually ligating the Fe(III) atom at a distance of 2.2 Å. EPR spectroscopy on the oxidized SHP was done to search for spectral features that could help in the assignment of either O or N as the coordinating atom of the axial asparagine. In the case of N coordination the I ϭ 1 nuclear spin of nitrogen should give rise to a splitting of the EPR line mainly in the z-direction. Alternatively, if a finite fraction of the Fe(III) heme exists in the low spin form, then the three g values can be indicative for a particular axial coordination. However, only a high spin ferric heme with g values of 1.999 and 5.898 was detected by EPR with no indication of ligand splitting (data not shown). Therefore, the experiment does not discriminate between the two possible binding modes for Asn. The only positive conclusion that can be drawn is that EPR indicates an unusually high degree of homogeneity of the Fe(III) heme prosthetic group. Based on both the mutant CCP structure (30) and the observation that heme forms high spin bis-oxygen-ligated complexes in Me 2 SO or N,N-dimethylformamide (31), we modeled the ligating atom to be the oxygen. The oxygen is situated in a hydrophobic pocket, which is formed mainly by Trp 84 and Leu
85
. The Trp 84 aromatic plane is oriented parallel to the heme plane and appears to be in electronic interaction with pyrrole group III of the heme. The second atom of the amide group, modeled as the nitrogen, is restrained through a water-mediated hydrogen bond to both the hydroxyl group of Ser 91 and a sulfate ion, a hydrogen bonding pattern that does not indicate whether the noncoordinated atom is either an H-bond acceptor (the oxygen) or donor (the nitrogen). The bound sulfate ion is clearly present in SHP1, stabilized not only by the water-mediated hydrogen bond to Asn 88 but also forming a salt bridge with Arg 87 . This structural feature is less clear in molecules SHP2 and SHP3, with marginal electron densities for both the sulfate ion and the Arg side chain.
All mitochondrial cytochromes c and bacterial cytochromes c 2 have predominantly positively charged residues in the region of the exposed heme edge. This site has been implicated as the interaction site for redox proteins carrying a complementary negative charge (32) . As was already demonstrated (12) , SHP carries a positive charge of approximately ϩ3 at the site of reduction. The conserved residues Lys 61 , Arg 80 , and Arg 87 are clearly responsible for this concentrated positive charge at the exposed heme edge. There is only one negative charge at the edge of the heme, in addition to the heme propionates, provided by Asp 39 . The opposite side of the protein is predominantly negative, conferring a net dipole moment to the molecule.
The Reduced SHP Structure-As a first step toward understanding ligand binding, we have determined the structure of reduced SHP. Upon reduction, Asn 88 no longer ligates the iron. The amide group swings away from the heme by 1.0 Å, whereas the iron moves toward the remaining His 47 ligand by 0.3 Å, enlarging the Fe 2ϩ amide distance to 3.0 Å and making the iron penta-coordinated (Fig. 4) . In this process, a water molecule and the bound sulfate ion are ejected from the hydration core. This redox-dependent behavior has likewise been observed for the histidine ligand of the M. methylotrophus cytochrome cЉ (33) . Upon reduction of cytochrome cЉ, the iron changes from hexa-to pentacoordination, with a concomitant change in spin state and a dramatic increase in the pK a of the -nitrogen of the histidine, resulting in a redox-Bohr effect. Neither effect has been observed for SHP. This is because of the fact that its Asn 88 amide is unable to force the iron III into a low spin state and because Asn 88 does not possess a readily protonatable group. A redox labile heme ligand has also been observed in cytochrome cd 1 -nitrate reductase, where Tyr 25 only coordinates the d 1 heme in the oxidized state (34) . This observation explains the fact that the redox potential of SHP is different for the reductive (Ϫ20 mV) and the oxidative (Ϫ54 mV) reaction (11) .
The Cyanide-complexed Structure-Structural investigation of the oxygen complex is technically difficult as it has too short a life time to be studied by conventional crystallographic methods. As a further step toward understanding the nature of oxygen binding, we have determined the structure of the oxidized SHP-CN complex, cyanide being a ligand isosteric to oxygen. Unlike cyanide, however, oxygen has a preference for bonding at an angle Ͻ180° (Fig. 5) . Comparison of the SHP-CN complexed form and the oxidized structure shows distinct changes in the vicinity of the distal heme pocket (Fig. 6) . The CN-Fe 3ϩ distance of 1.9 Å is in good agreement with the distance observed in other cyanide-complexed hemeproteins. The amide side chain of Asn 88 is pushed aside by a distance of 2.6 Å and forms a weak hydrogen bond (3.1 Å) to the new ligand. This movement results in expulsion of the bound sulfate ion as well as of the water molecule, similar to what occurs in the reduction process. In contrast to the observed linear ligand geometry of unhindered metal cyanide complexes, the cyanide is oriented at an Fe-C-N angle of 155°. This is probably because of the close contact with the backbone oxygen of Trp 84 (3.1 Å). Compared with the unliganded oxidized structure, this atom is shifted out of the heme pocket by 0.8 Å realigning the local backbone conformation. The realignment results in adaptation of the entire distal heme pocket to the ligand, moving the side chain of Leu 85 by 1.1 Å into the heme pocket and slightly reorientating the imidazole plane of Trp 84 . The distal cavity is further deformed by displacement of several heme atoms toward the proximal side, resulting in a severely distorted heme conformation. The considerable distortion of the distal pocket and the observation of the destabilizing contact with the backbone can explain the considerable higher K d of ligand binding for both cyanide and azide, compared with the values for myoglobin (35) .
Comparison of the CN-liganded SHP structure with CN complexes of elephant myoglobin (which has a distal Gln E7), fixL of Rhizobia, and nitrophorin of the blood-sucking insect Rhodnius reveals an overall similarity in distal heme pocket structure despite their clear evolutionary distinctiveness (Fig. 7) . The similarity with the elephant myoglobin structure (36) is especially striking, with the three residues forming the protein part of the distal cavity being superimposable on three chemically similar residues of SHP. The penultimate PheCD1 of the globin fold coincides with the six-membered ring of the Trp 84 indole, whereas Val E11 and Gln E7 take similar positions as Leu 85 and Asn 88 of SHP. The fixL protein retains this tridentate grip on the ligand but uses a hydrophobic residue at each position. This is somewhat like the Glycera dibranchiata hemoglobin, where a Leu replaces the more common His at position E7 (37) . In contrast to the former three proteins, nitrophorin is a nitric oxide-transporting protein, which has a slightly larger and more solvent accessible heme pocket. The pocket is composed of two leucines, leaving the third position open for a water molecule. Taking into account the natural variance at positions E7 and E11 in the globin heme pocket, together with the structure of the heme pockets of SHP and FixL, it can be stated that the minimal requirement for stable oxygen binding to a heme group is the creation of a mainly hydrophobic pocket, shielding the ligand from water. From a topological point of view, this is probably only possible when at least three residues are involved, as in the observed tridentate conformation. Minimal differences in the exact nature, shape, and accessibility would then account for major changes in oxygen affinity and stability of the complex. It is interesting to note that whereas the Shewanella SHP homolog has mainly identical or similar active site residues, the M. methylotrophus cytochrome cЉ has a Glu instead of Trp 84 . To our knowledge, a stable oxygen complex could not be detected for cytochrome cЉ, consistent with our reasoning that the heme pocket is too solvent accessible and hydrophilic in this case.
An explanation remains to be given for the marked difference in stability of the oxygen complex of SHP when compared with that of the globins. Comparing the x-ray structures, the cyanide ligands are equally well shielded from the solvent in both SHP and elephant myoglobin. A feature that might destabilize the SHP oxygen complex when compared with the globin complex is the close proximity of the backbone oxygen of Trp 84 . As mentioned above, this atom is in unfavorable Van der Waals contact with the cyanide ligand and could therefore destabilize the oxygen complex. The other oxygen binding heme proteins avoid such steric hindrance by creating the tridentate grip with three nonadjacent residues.
The SHP-NO Complex-To investigate whether contact with the backbone near Trp 84 might indeed perturb the oxygen complex, we determined the structure of the nitric oxide complex of SHP. In contrast to the cyanide ion, nitric oxide is a single electron donor, just as oxygen is. It is therefore expected to coordinate iron in a similar way as oxygen. The crystal structure of the NO-liganded SHP establishes that the NO molecule (with an N-Fe 2ϩ distance of 1.8 Å) is oriented at a Fe-N-O angle of 112°, as observed in other NO-binding heme proteins (38) (Fig. 5) . In comparison to the perturbation caused by the ligation of cyanide, the readjustment of the backbone compared with the uncomplexed oxidized form is insignificant. A close contact with the oxygen of Trp 84 , however, is not avoided as the oxygen atom of nitric oxide is located at a distance of 3.1 Å. We conclude from the above that the small, rigid SHP heme pocket could have evolved to select for a small ligand containing a hydrogen bond donor bound to the ligating atom, such as hydroxylamine, hydrazine, or hydrogen peroxide. Such a molecule would be stabilized by an additional hydrogen bond to the backbone oxygen of Trp 84 . It has indeed been observed that hydroxylamine forms a low spin complex with reduced SHP. 2 Functional Role of SHP-In S. putrefaciens MR-1, an SHP homolog appears to be part of an electron transfer pathway because the SHP gene is associated with the genes for a membrane-spanning cytochrome b and a diheme cytochrome c, homologous to the R. sphaeroides diheme cytochrome c (39). The R. sphaeroides diheme cytochrome c has a lower redox potential than does SHP, which suggests that it is the natural electron donor for SHP. The redox potential of the cytochrome b is unknown, but it could supply electrons to the diheme cytochrome c. The observation that in Methylophilus methylotrophus (40) this cytochrome b gene, and in Rb. sphaeroides both a similar cytochrome b and the diheme cytochrome c gene, 3 are associated with the SHP gene indeed suggests the presence of a conserved electron transfer pathway involving SHP as possible terminal electron acceptor. It would seem from the present structural study that SHP can reduce a small ligand like peroxide or hydroxylamine. The resultant product would then be displaced from the iron coordination sphere by the religation of the sixth heme ligand as is observed in cytochrome cd 1 -nitrite reductase (34) .
